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INTRODUCTION
Rice is an important human food worldwide. The size and shape of rice grains are key agronomic traits determining grain yield and grain appearance. In rice, grain length, width and thickness are associated with grain size and shape. Several important genes that influence grain size and shape have been characterized in rice (Fan et al., 2006; Song et al., 2007; Shomura et al., 2008; Weng et al., 2008; Hu et al., 2015; Wang et al., 2015a; Che et al., 2016; Duan et al., 2016; Si et al., 2016) , but our understanding of the molecular mechanisms that determine grain size and shape is still limited.
In rice, spikelet hulls have been proposed to restrict grain growth, thereby determining the final size of a grain . Cell proliferation and cell expansion are processes that are crucial for the growth of spikelet hulls. Several factors that affect cell proliferation determine grain size in rice. For example, loss-of-function of GRAIN SIZE 3 (GS3) results in long grains as a result of increased cell number (Fan et al., 2006; Mao et al., 2010) . GS3 encodes a putative G protein c subunit. Similarly, a putative protein phosphatase (OsPPKL1) encoded by GL3.1/qGL3 restricts cell proliferation, and its loss-of-function mutant exhibits long grains (Hu et al., 2012; Qi et al., 2012; Zhang et al., 2012) . In contrast, the putative serine carboxypeptidase encoded by GS5 and the transcriptional factor OsSPL16 mainly promote grain growth by influencing cell number (Li et al., 2011b; Wang et al., 2012) . The OsMKK4-OsMPK6 module influences grain growth by increasing cell number (Duan et al., 2014; Liu et al., 2015) . The cell expansion process also plays a crucial role in determining grain size. High expression of the transcription factor SPL13 causes long grains as a result of long cells (Si et al., 2016) .
Growth-Regulating Factor 4 (OsGRF4) encoded by GS2 associates with transcriptional coactivators (OsGIF1/2/3) to increase grain size, predominantly by influencing cell size (Hu et al., 2015; Che et al., 2016; Duan et al., 2016; Sun et al., 2016) . These studies suggest that transcriptional regulation is important for grain growth in rice. High expression of GW7/GL7/SLG7, which is probably involved in the organization of microtubules, causes long grains as a result of longer cells and/or more cells (Wang et al., 2015a,b; Zhou et al., 2015) . Thus, cell proliferation and cell expansion processes coordinately influence grain size in rice.
The ubiquitin-proteasome pathway is crucial for seed growth in rice and other plant species Li, 2014, 2016) . Ubiquitin can be added to target proteins by ubiquitination. The deubiquitinating enzymes (DUBs), such as otubain protease, ubiquitin-specific protease, ubiquitin Cterminal hydrolase, Josephins and JAMMs, can cleave off ubiquitin from ubiquitinated proteins (Nijman et al., 2005) . In rice, the protein of unknown function encoded by qSW5/ GW5 has been suggested to be involved in the ubiquitin pathway, and the disruption of qSW5 results in wide grains (Shomura et al., 2008; Weng et al., 2008) . It should be noted that a previously unrecognized gene, GSE5, at the qSW5/GW5 locus has been recently reported to restrict grain width (Duan et al., 2017) . GSE5 encodes a plasma membrane-associated protein with IQ domains, and low expression of GSE5 in some indica varieties and most japonica varieties causes wide grains (Duan et al., 2017) . The RING-type E3 ubiquitin ligase encoded by GW2 limits grain growth, and its loss-of-function mutant has wide grains (Song et al., 2007) . Similarly, its Arabidopsis homolog DA2 restricts seed growth through maternal integuments (Xia et al., 2013) . DA2 and another E3 ubiquitin ligase BB/EOD1 physically interact with the ubiquitin receptor DA1 to repress seed and organ growth (Li et al., 2008; Xia et al., 2013) . DA1 also possesses peptidase activity that can cleave the ubiquitin-specific protease (UBP15/SOD2) (Du et al., 2014; Dong et al., 2017) . Thus, modification of proteins by ubiquitin is essential for determination of seed size in plants.
To further elucidate the mechanisms of determination of grain size and shape, we have identified several rice grain size mutants (Duan et al., 2014; Fang et al., 2016) . In this study, we characterize a wide and thick grain 1 (wtg1-1) mutant that produces wide, thick, short and heavy grains. WTG1 encodes an otubain-like protease with deubiquitination activity. Overexpression of WTG1 causes narrow, thin and long grains. Thus, our findings define the otubain-like protease WTG1 as an important factor that determines grain size and shape, suggesting that it has the potential to increase grain size and yield in rice.
RESULTS
The wtg1-1 mutant produces wide, thick, short and heavy grains
To understand how grain size is determined in rice, we mutagenized the japonica variety Zhonghuajing (ZHJ) using gamma rays and isolated a wide and thick grain 1 (wtg1-1) mutant in M 2 populations. The wtg1-1 grains were wider than ZHJ grains (Figure 1a was 3.41 mm, while grain width in wtg1-1 was 3.84 mm (Figure 1e ). In contrast, the length of wtg1-1 grains was reduced in comparison with that of ZHJ ( Figure 1a,b,d ).
The length of ZHJ grains was 7.47 mm, whereas the length of wtg1-1 grains was 6.89 mm. The wtg1-1 grains were obviously thicker than ZHJ grains (Figure 1c ). The average thickness of ZHJ and wtg1-1 grains was 2.27 and 2.66 mm, respectively ( Figure 1f) . Importantly, wtg1-1 grains were significantly heavier than ZHJ grains (Figure 1g ). The 1000-grain weight of ZHJ and wtg1-1 was 25.56 and 29.09 g, respectively. These results indicate that WTG1 affects grain width, thickness and length as well as grain weight.
The wtg1-1 mutant has an increased grain number per panicle
Mature wtg1-1 plants were slightly shorter than wild-type plants ( Figure 2a ,b,f). The wtg1-1 plants produced wide leaves compared with ZHJ plants, while the length of wtg1-1 leaves was similar to that of ZHJ leaves (Figure 2c, d, g, h) . The wtg1-1 panicles were short, thick and dense compared with wild-type panicles, showing an erect panicle phenotype (Figure 2e ,i). The axis length of wtg1-1 panicles was decreased compared with that of wild-type panicles (Figure 2j) , showing that WTG1 influences panicle size. As panicle branches determine panicle structure and shape, we examined primary and secondary panicle branches of the wild type and wtg1-1. The wtg1-1 panicles had more primary and secondary panicle branches than ZHJ (Figures 2k,l) . We examined the number of grains per panicle in ZHJ and wtg1-1. As shown in Figure 2 (m), the number of grains per panicle in wtg1-1 was higher than that in ZHJ. Thus, these data indicate that the increased number of primary and secondary panicle branches in wtg1-1 causes an increase in grain number per panicle. 
WTG1 mainly influences cell expansion in spikelet hulls
In rice, the spikelet hulls have been proposed to limit grain growth, thereby influencing grain size . Cell proliferation and cell expansion processes have been known to coordinately regulate spikelet hull growth. To understand the cellular basis for this we investigated cells in wild-type and wtg1-1 spikelet hulls. The wtg1-1 spikelet hulls had wider cells in the outer epidermis than ZHJ spikelet hulls (Figure 3a ,b,f). By contrast, wtg1-1 spikelet hulls contained shorter epidermal cells than ZHJ spikelet hulls ( Figure 3e) . Similarly, wtg1-1 spikelet hulls contained wider and shorter cells in the inner epidermis compared with ZHJ spikelet hulls. (Figure 3c ,d,i,j). We further investigated cell number in ZHJ and wtg1-1 spikelet hulls. As shown in Figure 3 (g and h), there were slightly fewer outer epidermal cells in the grain-width direction than in ZHJ, whereas there were slightly more outer epidermal cells in the grainlength direction than in ZHJ. These results suggest that cell expansion and cell proliferation could compensate each other during grain growth. Thus, these results indicate that the wide, thick and short grain phenotypes of wtg1-1 mainly result from wide and short cells in spikelet hulls. Several grain size genes have been known to influence cell expansion in spikelet hulls, including SPL13/GWL7, SRS5, GL7/GW7/SLG7 and GS2. We therefore examined their expression levels in ZHJ and wtg1-1 panicles (Figure S1 in the Supporting Information). The transcription factor SPL13 promotes the expression of SRS5, resulting in long grains due to large cells (Si et al., 2016 ). The expression level of SPL13 in wtg1-1 panicles was comparable with that in ZHJ panicles, while the expression level of SRS5 was only slightly reduced compared with that in ZHJ panicles. Elevated expression of GL7 in several rice varieties causes long grains as a result of long cells (Wang et al., 2015b; Zhou et al., 2015) , although GL7 was also reported to influence cell proliferation in spikelet hulls (Wang et al., 2015a) . The expression level of GL7 in wtg1-1 panicles was not significantly altered compared with that in ZHJ panicles. GS2/OsGRF4 promotes grain growth predominantly by influencing cell expansion (Hu et al., 2015;  (a) , 2016) . The expression level of GS2 in wtg1-1 panicles was only slightly lower than that in ZHJ panicles. Several studies have suggested that brassinosteroids (BRs) influence grain size by promoting cell expansion (Fang et al., 2016; Wu et al., 2016) . For example, overexpression of the DWARF2 and DWARF11 genes, which encode two enzymes that catalyze BR biosynthesis, caused large grains as a result of large cells (Fang et al., 2016; Wu et al., 2016) . The panicle shape of wtg1-1 was also similar to that of BR mutants (Fang et al., 2016) . We therefore asked whether WTG1 could influence BR responses. We treated ZHJ and wtg1-1 seedlings with homobrassinolide (homo-BL) to investigate BR responses. Previous studies showed that BR treatment increases leaf angle and causes curly roots in wild-type seedlings (Yamamuro et al., 2000; Duan et al., 2014) . In the medium without homo-BL, the wtg1-1 mutant seedlings had a reduced leaf angle compared with ZHJ seedlings (Figure S2a, b) . However, the wtg1-1 mutant showed similar BR responses to ZHJ with respect to leaf angle and root waving ( Figure S2a -c,e,f). Consistent with this, expression levels of several BR biosynthetic and signaling genes in wtg1-1 panicles were comparable with those in ZHJ panicles ( Figure S2d ). Thus, it is unlikely that WTG1 influences grain size via the brassinosteroid pathway.
Identification of the WTG1 gene
We sought to identify the wtg1-1 mutation using the MutMap method (Abe et al., 2012) , which has been used to clone genes in rice. We crossed wtg1-1 with ZHJ and generated an F 2 population. In the F 2 population, progeny segregation indicated that a single recessive mutation determines the phenotypes of wtg1-1. We extracted DNA from 50 F 2 plants that showed the wide and thick grain phenotypes, and the same amount of DNA was mixed for whole-genome sequencing. We also sequenced ZHJ as a control. We generated 6.2 and 5.4 Gbp of short reads for ZHJ and the pooled F 2 plants, respectively. We detected 1399 single nucleotide polymorphisms (SNPs) and 157 insertions/deletions (InDels) between the pooled F 2 and ZHJ. We then calculated the SNP/InDel ratio in the pooled F 2 plants. Considering that all mutant plants in the F 2 population should possess the causative SNP/InDel, the SNP/ InDel ratio for this causative mutation in bulked F 2 plants should be 1. Only one InDel showed a SNP/InDel ratio of 1. This InDel contained a 4-bp deletion in the gene LOC_Os08g42540 (Figures 4a and S3) . We further confirmed this deletion in wtg1-1 by developing the marker dCAPS1 (Figure 4b ). Thus, these analyses suggest that LOC_Os08g42540 could be the WTG1 gene.
To confirm that WTG1 is the LOC_Os08g42540 gene, we conducted genetic complementation test. The genomic fragment containing the 2337 bp of 5 0 flanking sequence, the LOC_Os08g42540 gene and 1706 bp of 3 0 flanking sequence (gWTG1) was transformed into the wtg1-1 mutant. The gWTG1 construct complemented the phenotypes of the wtg1-1 mutant (Figure 4f-k) . The grain width, grain thickness and grain length of gWTG1;wtg1-1 transgenic plants were comparable with those of ZHJ. Therefore, this genomic complementation experiment confirmed that the WTG1 gene is LOC_Os08g42540.
WTG1 encodes an otubain-like protease with deubiquitination activity
The WTG1 gene encodes an unknown protein with a predicted otubain domain (Figure 4d ). WTG1 homologs were found in Chlamydomonas reinhardtii, Physcomitrella patents, Selaginella moellendorffii, other plant species and animals ( Figure S4 ). The homologs in the grass family (e.g. wheat, Brachypodium, maize and sorghum) have high amino acid sequence identity with WTG1 ( Figure S4 ). WTG1 also shares similarity with human otubain 1/2 proteins (OTUB1/2) ( Figure S5 ), which are involved in multiple physiological and developmental processes (Nakada et al., 2010; Herhaus et al., 2013) . In wtg1-1, the 4-bp deletion happens in the exon-intron junction region of the fourth intron ( Figure 4a ). The wtg1-1 mutation resulted in altered splicing of WTG1, which in turn caused a premature stop codon ( Figure 4c ). The protein encoded by the wtg1-1 allele lacks half of the predicted otubain domain and also contains a completely unrelated peptide (Figure 4e ), suggesting that wtg1-1 is a loss-of-function allele. In animals, otubain proteins are known to possess deubiquitination activity because they have the histidine, cysteine and aspartate residues in the conserved catalytic domain of cysteine proteases ( Figure S5 ) (Balakirev et al., 2003) . WTG1 shares similarity to human otubain proteins and has an otubain-like domain (Figures 4d and S5 ), suggesting that WTG1 could be an otubain-like protease. Therefore, we carefully examined the amino acid sequence of WTG1 and found that WTG1 contains the conserved aspartate (D68), cysteine (C71) and histidine (H267) residues in the predicted otubain domain, which define the catalytic triad of ubiquitin protease in animals (Figures 4d  and S5 ) (Balakirev et al., 2003) . We then investigated whether WTG1 has deubiquitination activity. We expressed WTG1, WTG1 and MBP did not cleave His-UBQ10 (Figure 4l ). These results show that WTG1 has deubiquitination activity, WTG1 wtg1-1 lacks deubiquitination activity, and the con- residues are essential for the deubiquitination activity of WTG1. Thus, WTG1 is an otubain-like protease with deubiquitination activity.
Expression and subcellular localization of WTG1
We examined the expression of WTG1 using quantitative real-time RT-PCR analysis. As shown in Figure 5(a) , the WTG1 gene is expressed in leaves, developing panicles and roots. We generated the WTG1 promoter:uidA transgenic plants (proWTG1:uidA) and examined the expression patterns of WTG1 in different tissues. We observed the GUS staining in leaves and roots of proWTG1:uidA young seedlings (Figure 5b ). GUS staining in developing panicles was also detectable (Figure 5d ). GUS activity in younger panicles was stronger than that in older panicles (Figure 5d) , consistent with the function of WTG1 in influencing the number of panicle branches. During the development of spikelet hulls, expression of WTG1 started from the tips, then spread down the whole spikelet hull and finally disappeared at later development stages. Therefore, the expression pattern of WTG1 supports its functions in panicle and spikelet hull development.
We then generated pro35S:GFP-WTG1 transgenic plants and investigated the subcellular localization of WTG1. As shown in Figure 5 (e-g), the GFP signal in pro35S:GFP-WTG1 roots was predominantly detected in nuclei. We further asked whether GFP-WTG1 could localize exclusively to nuclei. We prepared cytoplasmic and nuclear protein fractions from pro35S:GFP-WTG1 transgenic plants. Unexpectedly, GFP-WTG1 fusion proteins were present in both the nuclear fraction and the cytoplasmic fraction, although GFP signal in pro35S:GFP-WTG1 plants could not be obviously observed in the cytoplasm (Figure 5h) . Thus, these findings indicate that WTG1 is localized in both the nucleus and the cytoplasm in rice.
Overexpression of WTG1 results in narrow, thin and long grains due to narrow and long cells in spikelet hulls
To further reveal functions of WTG1 in the control of grain size and shape, we generated the proActin:WTG1 construct and transformed it to the wild type (ZHJ). As shown in Figure 6(g) , proActin:WTG1 transgenic lines had higher expression levels of WTG1 than the wild type (ZHJ). We then investigated the grain size and shape phenotypes of proActin:WTG1 transgenic lines. As shown in Figure 6 (a-f), proActin:WTG1 transgenic lines formed narrow, thin and long grains compared with ZHJ. Expression levels of WTG1 in proActin:WTG1 transgenic lines were associated with the grain size and shape phenotypes (Figure 6d-g ). These data further reveal that WTG1 functions to influence grain size and shape.
Considering that proActin:WTG1 transgenic lines showed narrow, long grains, we asked whether WTG could affect cell expansion. We examined the size of the outer [Colour figure can be viewed at wileyonlinelibrary. com] epidermal cells in ZHJ and pActin:WTG1 spikelet hulls. The outer epidermis of proActin:WTG1 spikelet hulls contained narrow, long cells compared with that of ZHJ spikelet hulls ( Figure S6a,b) . In contrast, the outer epidermis of proActin: WTG1 spikelet hulls had a similar number of epidermal cells in both grain-width and grain-length directions to that of wild-type spikelet hulls ( Figures S6c,d ). These results further reveal that WTG1 determines grain size and shape by affecting cell size and shape in spikelet hulls.
DISCUSSION
Grain size and shape are crucial for grain yield and grain appearance in crops. Grain width, thickness and length coordinately determine grain size and shape in rice. However, the molecular mechanisms underlying the determination of grain size and shape are still limited in rice. In this study we isolated the wtg1-1 mutant which shows thick, wide, short and heavy grains compared with the wild type. WTG1 determines grain size and shape mainly by influencing cell expansion in spikelet hulls. WTG1 encodes an otubain-like protease with deubiquitination activity. Overexpression of WTG1 causes narrow, thin and long grains. Thus, our findings identify the otubain-like protease as an important factor that influences rice grain size and shape, suggesting that it has the potential to increase grain yield and improve grain size and shape. The wtg1-1 mutant formed thick, wide and short grains (Figure 1a-f) , indicating that WTG1 acts as a factor that influences rice grain size and shape. The wtg1-1 grains were heavier than ZHJ grains (Figure 1g ), indicating that WTG1 plays a key role in determining grain weight. The wtg1-1 mutant showed shorter, thicker and denser panicles than the wild type (Figure 2e) , suggesting a function of WTG1 in influencing panicle size and shape. The wtg1-1 mutation caused an increase in grain number per panicle as a result of increases in both primary and secondary panicle branches (Figure 2k ,l,m). Previous studies showed that an increase in grain number per panicle usually causes a reduction in grain size and weight (Huang et al., 2009) . By contrast, several rice mutants have been described to increase grain size as well as grain number per panicle (Li et al., 2011a; Hu et al., 2015) . Here our results show that the wtg1-1 mutant produced heavy grains and increased grain number per panicle. The grain size and shape phenotypes of wtg1-1 were mainly caused by wide and short cells, showing that WTG1 determines grain size and shape by influencing cell size and shape. Consistent with this idea, overexpression of WTG1 caused narrow, thin and long grains as a result of narrow and long cells (Figures 6 and S6) . By contrast, we also observed that cell number in the grain-width direction in wtg1-1 was slightly decreased, while cell number in the grain-length direction in wtg1-1 was slightly increased. These results suggest a compensation mechanism between cell expansion and cell proliferation. This compensation phenomenon has been described in Arabidopsis organ size mutants (Hisanaga et al., 2015) . We investigated the expression of several important genes that influence grain size by modifying cell expansion ( Figure S1 ). However, the wtg1-1 mutation only has a slight influence on expression of SRS5 and GS2. It has been reported that BRs promote cell expansion and positively affect grain size. For example, plants overexpressing the DWARF2 and DWARF11 genes, which are involved in the BR biosynthetic pathway, produced large grains as a result of large cells (Fang et al., 2016; Wu et al., 2016) . However, the wtg1-1 mutant showed normal BR responses and did not influence the expression of BR biosynthetic and signaling genes ( Figure S2 ). Thus, it is unlikely that WTG1 determines grain size and shape by influencing the BR pathway.
The WTG1 gene encodes an otubain-like protease. Homologs of WTG1 are found in plant species and animals. Homologs of WTG1 in humans are members of the ovarian tumor domain protease (OTU) family of deubiquitinating enzymes (DUBs). OTUB1 is involved in DNA damage repair and transforming growth factor-beta (TGF-b) signaling pathways (Nakada et al., 2010; Herhaus et al., 2013) . OTUB1 has deubiquitination activity and functions to remove attached ubiquitin chains or molecules from their targets. The OTU domain of OTUB1 has three conserved amino acids (D88/C91/H265) (Balakirev et al., 2003) . Similarly, WTG1 contains the predicted catalytic triad (D68/ C71/H267) in the predicted otubain domain, suggesting that WTG1 may have deubiquitination activity. Consistent with this, our biochemical data showed that WTG1 can cleave polyubiquitins, revealing that WTG1 is a functional deubiquitinating enzyme. By contrast, the mutations in the predicted catalytic triad (WTG1 D68E;C71S;H267R ) disrupted the deubiquitination activity of WTG1 (Figure 4l ), revealing that these conserved amino acids are crucial for deubiquitination activity. In addition, the protein encoded by the wtg1-1 allele (WTG1 wtg1-1 ) did not show any deubiquitination activity, indicating that wtg1-1 is a loss-of-function allele. It is possible that WTG1 might remove ubiquitin chains from its targets and prevent the degradation of its targets. As WTG1 influences cell expansion during grain development, it is plausible that the targets of WTG1 could be cell expansion factors. Several factors (e.g. SPL13, GL7 and GS2) have been shown to regulate grain size by affecting cell expansion (Hu et al., 2015; Wang et al., 2015a,b; Che et al., 2016; Duan et al., 2016; Si et al., 2016) . Thus, it will be a worthwhile challenge for the future to test whether they could be the direct substrates of WTG1.
Grain size and shape are key agronomic traits and also affect grain yield and grain appearance in rice. WTG1 plays a crucial role in determining grain size and shape in rice. The wtg1-1 mutant produced wide, thick and short grains, while overexpression of WTG1 caused narrow, thin and long grains. In addition, the wtg1-1 grains were significantly heavier than the wild type, and the wtg1-1 mutant exhibited an increased grain number per panicle, suggesting that it has the potential to increase grain yield. Thus, it would be worthwhile to test whether WTG1 and its homologs in crops (e.g. maize and wheat) could be utilized to improve grain yield and grain size and shape in the future. It has been known that grain size and shape traits have been selected by crop breeders during domestication. We found that rice varieties contain multiple SNPs in the WTG1 gene region (http://ricevarmap.ncpgr.cn). Therefore, it would be interesting to investigate whether WTG1 and its homologs in crops have already been selected by breeders.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Grains of the japonica variety ZHJ were irradiated with gamma rays, and the wtg1-1 mutant was identified from this M 2 population. Rice plants were grown in the paddy fields at a space of 20 cm. A total of 48 rice seedlings were transplanted from the nursery bed to the paddy per plot (1.92 m 2 ). Rice plants were cultivated in the paddy fields of Lingshui (110°03 0 E, 18°51 0 N, elevation 10 m, Hainan, China) from December 2015 to April 2016 and Hangzhou (119°95 0 E, 30°07 0 N, elevation 12 m, Zhejiang, China) from July 2016 to November 2016, respectively. The soil type in Lingshui is sandy loam, while the soil type in Hangzhou is clay loam. During the growing seasons, the temperature ranged between 9 and 32°C in Lingshui and between 12 and 39°C in Hangzhou (http://data.cma.cn/site/index.html). Nitrogenous, phosphorus and potassic fertilizers (120 kg ha À1 for each) were applied in the rice growth cycle.
Morphological and cellular analysis
The ZHJ and wtg1-1 plants grown in the paddy fields were dug out and put into pots to take photographs. MICROTEK Scan Marker i560 (MICROTEK, http://www.microtek.com/) was used to scan mature grains. A WSEEN Rice Test System (WSeen, http:// www.wseen.com/) was used to auto-measure grain width and length. Grain thickness was measured using a digital caliper (Jianye Tools, http://www.jianye-tools.com). Grains from 30 main panicles were used to measure grain weight. A total of 1000 dry seeds were weighed using electronic analytical balance. Grain weight was investigated with three replicates.
The size and shape of cells were observed with a scanning electron microscope (SEM). The sample preparation and SEM observation were conducted according to a previous study (Fang et al., 2016) . ImageJ software was used to measure cell size.
Identification of WTG1
To clone the WTG1 gene, we crossed wtg1-1 with ZHJ to produce an F 2 population. In the F 2 population we selected 50 plants that showed wtg1-1 phenotypes and pooled their DNA in an equal ratio for whole-genome resequencing using NextSeq 500 (Illumina, http://www.illumina.com/). The MutMap was performed according to a previous study (Abe et al., 2012) , and the SNP/InDel ratio was calculated according to a previous report (Fang et al., 2016) . There was only one InDel that showed a SNP/InDel ratio of 1. This InDel has a 4-bp deletion in the exon-intron junction region of the fourth intron of LOC_Os08g42540. The dCAPS1 marker was further developed based on this 4-bp deletion. Thus, LOC_Os08g42540 is a candidate gene for WTG1.
Constructs and plant transformation
The primers C99-WTG1-GF and C99-WTG1-GR were used to amplify the genomic sequence of WTG1 containing the 2337 bp of the 5 0 flanking sequence, the WTG1 gene and the 1706 bp of the 3 0 flanking sequence. The genomic sequence was then inserted into the PMDC99 vector using the GBclonart Seamless Clone Kit (GB2001-48, Genebank Biosciences, http://www.genebankbios.com/en/) to generate the gWTG1 construct. The primers 003-CDSWTG1-F and 003-CDSWTG1-R were used to amplify the coding sequence (CDS) of the WTG1 gene. The CDS was inserted to the pIPKb003 vector with the ACTIN promoter using the GBclonart Seamless Clone Kit (GB2001-48, Genebank Biosciences) to construct the proACTIN: WTG1 plasmid. The primers C43-CDSWTG1-F and C43-CDSWTG1-R were used to amplify the CDS of the WTG1 gene. The CDS was inserted into the PMDC43 vector using the GBclonart Seamless Clone Kit (GB2001-48, Genebank Biosciences) to generate the pro35S:GFP-WTG1 plasmid. The primers proWTG1-F and proWTG1-R were used to amplify the 3798-bp 5 0 -flanking sequence of WTG1. The promoter sequence was then inserted into the pMDC164 vector using the GBclonart Seamless Clone Kit (GB2001-48, Genebank Biosciences) to produce the proWTG1:uidA plasmid. The plasmids gWTG1, proACTIN:WTG1, pro35S:GFP-WTG1 and proWTG1:uidA were introduced into Agrobacterium tumefaciens GV3101. gWTG1 was transferred into wtg1-1, and proACTIN:WTG1, pro35S:GFP-WTG1 and proWTG1:uidA were transferred into ZHJ as described previously (Hiei et al., 1994) .
GUS staining and subcellular localization of WTG1
GUS staining of different tissues (proWTG1:uidA) was conducted as described previously (Xia et al., 2013; Fang et al., 2016) . Roots of pro35S:GFP-WTG1 transgenic lines were used to observe the GFP fluorescence. Confocal microscopy (Zeiss LSM 710, http:// www.zeiss.com/) was used to observe the GFP fluorescence. Root cell nuclei were marked with 4 0 ,6-diamidino-2-phenylindole (DAPI) (1 lg ml
À1
).
RNA isolation, reverse transcription and quantitative realtime RT-PCR
Young panicles of ZHJ and wtg1-1 and seedlings of ZHJ and proACTIN:WTG1 transgenic lines were used to isolate total RNA using an RNA extraction kit (Tiangen, http://www.tiangen.com/en/ ). RNA (2 lg) was reverse transcribed into the complementary DNA with a FastQuant RT Kit (Tiangen) according to the user manual. Quantitative real-time RT-PCR was conducted as described previously . Three replicates for each sample were tested. A list of primers is shown in Table S1 .
Deubiquitination assays
The coding sequences of WTG1 and wtg1-1 were amplified from the complementary DNA transcribed from young panicle total RNA using the primers MBP-WTG1-F/R and MBP-WTG1-F/MBPwtg1-R, and cloned to the vector pMAL-C2 using a GBclonart Seamless Clone Kit (GB2001-48, Genebank Biosciences) to construct MBP-WTG1 and MBP-WTG1 wtg1-1 plasmids, respectively. For the MBP-WTG1 D68E;C71S;H267R construct, the primers MBP-WTG1-MutF and MBP-WTG1-MutR1 (with two mutation sites) were used to amplify the first part of WTG1 D68E;C71S;H267R
, and the primers MBP-WTG1-MutF1 (with two mutation sites) and MBP-WTG1-MutR (with one mutation site) were used to amplify the second part of WTG1 D68E;C71S;H267R . These two products were then mixed as templates, and the primers MBP-WTG1-MutF and MBP-WTG1-MutR were used to amplify the complete sequence of WTG1 D68E;C71S;H267R
. Finally, the sequence of WTG1 D68E;C71S;H267R was cloned to the vector pMAL-C2 using a GBclonart Seamless Clone Kit (GB2001-48, Genebank Biosciences) to construct the MBP-WTG1 D68E;C71S;H267R plasmid. The His-UBQ10 plasmid was constructed according to a previous study . The MBP-WTG1, MBP-WTG1 wtg1-1 and MBP-WTG1 D68E;C71S;H267R plasmids were transferred into Escherichia coli BL21. Induction, isolation and purification of MBP-WTG1, MBP-WTG1 wtg1-1 and MBP-WTG1 D68E;C71S;H267R proteins were conducted according to previous studies (Xia et al., 2013) . Fifteen microliters of His-UBQ10 was incubated with 2 ll of purified MBP, MBP-WTG1, MBP-WTG1 wtg1-1 and WTG1 D68E;C71S;H267R in 100 ll of reaction buffer [50 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, pH 7.4, 100 mM NaCl, 1 mM DTT) at 30°C for 20 min, respectively. Cleaved ubiquitin products, MBP-WTG1, MBP-WTG1 wtg1-1 and WTG1 D68E;
C71S;H267R were analyzed by SDS-PAGE. Anti-His and anti-MBP antibodies were used to detect the cleaved ubiquitin and MPBtagged proteins, respectively. 
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